Background: During energy starvation, cells utilize intracellular resources for survival; however, the resources used during glucose starvation are unknown. Results: In glucose-starved yeast, vacuolar hydrolysis and endocytosis promote survival whereas autophagy is dispensable. Conclusion: Vacuolar hydrolysis blocks autophagy and provides resources for survival during glucose starvation. Significance: This new survival mechanism could protect cells from starvation in many situations.
Glucose is the preferred energy source for many proliferating cells, including the yeast Saccharomyces cerevisiae. To utilize glucose, yeast adopts a specific metabolic program, which is similar to the Warburg metabolism seen in cancer and stem cells (1) . In this program, the cell shuts down systems that allow utilization of energy sources other than glucose. It forgoes storage of carbohydrates or amino acids and instead utilizes these nutrients directly for growth. Furthermore, this program inhibits ATP generation by the mitochondria; ATP is derived primarily from glycolysis. Consequently, a precipitous drop in ATP levels follows glucose starvation (2, 3) . With no reserves and little ATP to facilitate import of new catabolic substrates from extracellular sources, the cell likely hydrolyzes endogenous cellular components to overcome the ATP deficit during the initial phases of glucose starvation.
Macroautophagy (hereafter autophagy) is an important catabolic process activated by various types of starvation. In autophagy, cellular cytoplasm and organelles are engulfed in a double-membraned structure called the autophagosome (for review, see Ref. 4) . Fusion of the autophagosome with the lysosome (vacuole in yeast) leads to hydrolysis of the enclosed cellular components. This mechanism allows the cell to recycle amino acids, lipids, and nucleotides for use as energy sources and for new biosynthesis. Three conserved metabolic kinases regulate autophagy. The AMP-activated kinases (AMPKs) 3 activate autophagy whereas protein kinase A (PKA) and the target of rapamycin complex 1 (TORC1) inhibit autophagy (for review, see Ref. 5) . During glucose starvation, AMPK is activated whereas PKA is inhibited (3, 6) . These effects suggest that autophagy may occur during glucose starvation. However, autophagy genes are dispensable for glucose survival (7) . This indicates that the cell must use additional mechanisms to replenish nutrient stores during glucose starvation. The process that cells use to survive in the absence of autophagy is unknown.
One possible alternative to autophagy is the degradation of proteins that are delivered to the vacuole from the endosomes. This pathway promotes cell survival during amino acid starvation (8) . Furthermore, in response to acute glucose starvation, proteins involved in endosomal sorting become cytosolic.
However, proteins involved in endocytosis remain membraneassociated (9, 10) . This could cause proteins endocytosed from the plasma membrane to be directed to intracellular compartments rather than getting recycled back to the membrane. Indeed, glucose starvation directs internalization of plasma membrane proteins that seem unrelated to glucose metabolism, such as the uracil permease, Fur4, and the hydrophobic amino acid permease, Tat2 (11, 12) . This suggests that glucose starvation may alter traffic within the endosomal system. In this study, we investigated the roles of endocytosis, endosomal membrane traffic, and autophagy in ensuring survival during glucose starvation.
EXPERIMENTAL PROCEDURES
Chemicals-Phenylmethanesulfonylfluoride (PMSF) and rapamycin were from Sigma. FM4-64 was from GE Healthcare.
Strains and Plasmids-Strains are listed in Table 1 (13-16 ). Deletion strains from systematic collections were verified by PCR utilizing primers outside of the deletion cassette. GFP strains from systematic collections were verified by microscopy. Strains in this study were generated using a PCR-based strategy with pFA6a-S65TGFP-KanMX, pFA6a-S65T-GFPHis3Mx, pFA6a-mCherry-His3Mx, pFA6a-KanMx, pRS303, or pRS305 as described previously (17) . Plasmids pRS316 GFPAut7 (Atg8), pADHU-GFP-cSNC1, pBW0768 (pEnt1 [CEN TRP1], and pBW0778 (pENTH1 [CEN TRP1]) were described previously (18 -20) .
Growth Conditions-Media compositions used are listed in Table 2 . Except where noted, add-back mix contains 0.54 mM adenine (adenine sulfate), 0.76 mM L-leucine, 0.55 mM L-lysine, 0.49 mM L-tryptophan, 0.32 mM L-histidine, 0.45 mM uracil, and 0.13 mM L-methionine. Nucleotide only add-back mix contains only 0.54 mM adenine (adenine sulfate) and 0.45 mM uracil. For cells expressing GFP-ATG8, uracil was omitted from add-back mix. For cells expressing MUP1-GFP, methionine was omitted from add-back mix to induce expression.
With the exception of media for FET3-GFP, yeast nitrogen base was the Wickerham formula, without amino acids and ammonium sulfate, used at the manufacturer recommended concentrations (BD Biosciences). For FET3-GFP, yeast nitrogen base lacking iron was used (Formedium, Hunstanton, UK). Unless otherwise indicated, cells were grown in replete medium for 72 h, maintaining the culture at a low density. For starvation, cells at mid-logarithmic (log) phase (A 600 ϳ0.2-0.5) were pelleted and washed three times with the appropriate starvation media indicated in Table 2 then incubated at 30°C for the indicated times.
FM4-64 Assays-To assess initial rates of endocytosis, cells grown to log phase or starved at different time points were pelleted and resuspended in appropriate media supplemented with 0.4 g/ml FM4-64. After 2.5 min, a stop mix was added to a final concentration of 10 mM sodium fluoride and sodium azide, and cells were placed on ice. Unbound FM4-64 was removed with three washes in ice-cold media containing 10 mM sodium fluoride and sodium azide. Cells were kept on ice until imaged. To assess FM4-64 accumulation and delivery to the vacuole, cells grown to log phase or starved at different time points were pelleted and resuspended in appropriate media supplemented with 0.4 g/ml FM4-64 at room temperature. Fig. 3E , 0.3 OD 600 of labeled cells in 50 l was transferred to a prewarmed microcentrifuge tube and incubated at 30°C for 8 min. The supernatant was harvested by pelleting two times to remove any cells. CHAPs was added to 1% from a 20% stock solution in PBS, and fluorescence was monitored at 680 nm after excitation at 515 nm in a Spectramax M5e plate reader. To control for differences in FM4-64 accumulation between samples, background fluorescent signal from media without FM4-64 was first subtracted from all samples. The resultant background subtracted values were then normalized to the initial FM4-64 intensity of the cells assayed as in Fig.  3D . Microscopy-For Figs. 1, 2B, 4, and 5, fluorescence microscopy was performed on an Eclipse TE2000-U (Nikon, Melville, NY) microscope with a 1.4 numerical aperture, 100ϫ differential interference contrast oil immersion lens and the standard yEGFP and CFP/YFP/DsRed sets from Chroma (Rockingham, VT). Images were acquired with an ORCA ER-cooled CCD camera (Hamamatsu Photonics, Bridgewater, NY) with no binning, using MetaMorph (Molecular Devices) as the image acquisition software. For each cell, a 5-plane Z-stack was acquired with separation between adjacent planes set at 500 nm. For Figs. 3 and 5, images were acquired on a Nikon Ti-E inverted microscope equipped with a 100ϫ, 1.4 numerical aperture oil immersion objective as described previously (22) . Fluorescent samples were excited with the Lumencor light engine equipped with individual LEDs for GFP/YFP/mCherry excitation (Lumencor, Inc., Beaverton, OR). All of the filters were obtained from Chroma (Chroma Technology Corp., Bellows Falls, VT). Images were acquired with an Andor iXon camera (Andor Technology, South Windsor, CT) with a pixel size of 160 nm. For each cell, a 10-plane Z-stack was acquired with separation between adjacent planes set at 200 nm. The same integration time was used for all images of a labeled protein or fluorophore.
Intensity analysis of cell surface proteins was performed in ImageJ v1.43m (National Institutes of Health). For plasma membrane proteins with uniform plasma membrane localization, highest intensity measurements were collected from a 3-pixel-wide line drawn through a region of the plasma membrane away from the neck region from a central plane image. For proteins with nonuniform or punctate plasma membrane localization, highest intensity measurements were from a region with high intensity. Intensity measurements were collected for at least 20 different cells/sample. For intensity analysis of FM4-64 uptake, integrated cell intensity is reported from individual cells manually traced in ImageJ v1.43m.
For Fig. 3A , images were acquired using an Axiovert 200 inverted microscope (Carl Zeiss) equipped with a Cooke Sensicam (Cooke), an X-Cite 120 PC fluorescence illumination system, and a 100ϫ, 1.4 numerical aperture Plan-Apochromat objective. All imaging was performed at room temperature, and identical acquisition parameters were used for all samples within an experiment. Image analysis was performed using ImageJ v1.41n. For all Mup1-GFP images, identical maximum and minimum intensity values were applied to each sample within a set of WT, 4⌬ϩEnt1 and 4⌬ϩENTH1 cells.
Statistical Analysis-Except where noted, statistical significance was determined using a two-tailed Mann-Whitney U test for the null hypothesis that the medians were equal.
Preparation of Cell Lysates and Immunoblotting-For analysis of GFP-Atg8, whole cell extracts were performed as described previously (10) . Following extractions, immunoblotting was performed as described previously. Monoclonal GFP antibody (B-2) was from Santa Cruz Biotechnology. Polyclonal antibody Adh1 antibody and fluorescent secondary antibodies were from Abcam and Invitrogen, respectively.
Amino Acid Analysis-Amino acid analysis was performed on cells grown to log phase or on cells grown to log phase, then washed three times into appropriate starvation media and grown for an additional 24 h. Amino acid extraction and analysis were performed as described previously (8) .
Viability-Cell viability assays were performed on cells grown to log phase, then washed three times into appropriate starvation media. Cells were serially diluted and plated on YPD (1% yeast extract, 2% peptone, 2% glucose, 2% agar) plates or incubated with aeration for 7 days, serially diluted, and plated. Plated cells were counted after 48 h.
RESULTS

Plasma Membrane to Vacuole Traffic Is Required for Cell Survival-Previous
whole genome studies of glucose-starved cells suggested that autophagy is dispensable for survival during glucose starvation. However, several genes important for traffic to the vacuole are required for survival (7) . We hypothesized that during glucose starvation, protein and lipid traffic to the vacuole may provide catabolic substrates necessary for cell viability. We assessed the contributions of endocytosis, endosomal membrane traffic, and autophagy to cell survival during glucose starvation by measuring the viability of strains lacking genes from each pathway. We measured the viability of wild-type cells, cells defective in endocytosis (sla1⌬ and rvs161⌬), cells defective in vacuolar protein sorting (vps4⌬), cells defective in autophagy (atg5⌬), and cells defective in vacuolar proteolysis (pep4⌬) after 7 days of starvation (23) (24) (25) (26) . Wild-type and atg5⌬ cells exhibited high viability after 7 days of starvation (Fig. 1A) . In contrast, sla1⌬ or vps4⌬ cells were ϳ50% viable pep4⌬ cells were 30% viable, and rvs161⌬ cells were 15% viable (Fig. 1A) . Together, these results indicate that endocytosis, vacuolar protein sorting, and vacuolar proteolytic function are important for cell survival during glucose starvation, whereas autophagy does not play an essential role.
We next monitored the fate of plasma membrane proteins during glucose starvation. We imaged cells expressing fluorescently tagged versions of several plasma membrane-localized proteins grown in the presence of 2% glucose and then starved for glucose for 30 min, 2 h, or 1 day (Fig. 1B) . Of the 11 proteins tested, the cell surface levels of 9 proteins were significantly reduced within 2 h of starvation (Fig. 1, B and C) . For these proteins, the cell surface levels decreased, and for many, punctate internal structures appeared within 30 min (Fig. 1B,  arrows) . Furthermore, after 2 h, the number or intensity of punctate internal structures was reduced whereas vacuolar fluorescence appeared or increased for many proteins (Fig. 1B,  arrowheads) . Notably, endocytosis seemed to occur for proteins unrelated to metabolism such as the pheromone receptor, Ste2, and the v-SNARE, Snc1. Thus, glucose starvation leads to the flux of numerous and diverse plasma membrane proteins to the vacuole.
We next tested whether clathrin-mediated endocytosis (CME) is required for the observed plasma membrane protein internalization. To do this, we used a previously established assay of clathrin-dependent endocytosis based on the clathrin adaptor-mediated internalization of Mup1-GFP, a methionine permease (15, 18) . In control cells (WT and ⌬4-pENT1), within 30 min of glucose starvation Mup1-GFP cell surface levels decreased, and Mup1-GFP appeared in internal structures ( Fig.  2A) . In contrast, in cells lacking CME due to deletion of multiple adaptors complemented by a plasmid encoding only a fragment of the adaptor Ent1 (⌬4-pENTH), Mup1-GFP remained at the cell surface for 2 h of glucose starvation and did not accumulate in internal structures. Similarly, in cells lacking RVS161 more Tat2-GFP remained at the cell surface after 2 h of starvation than in wild-type cells (Fig. 2B) . Together, these results demonstrate that the internalization of proteins in response to glucose starvation depends on CME.
Glucose Starvation Reduces Recycling from the EndosomesThe rerouting of plasma membrane proteins into the vacuole could result from increased rates of endocytosis, increased rates of traffic to the vacuole or reduced recycling of endocytosed proteins. We dissected the contribution of each of these mechanisms to the observed internalization of plasma membrane proteins upon glucose starvation using the dye FM4-64.
We first assessed changes in the rate of FM4-64 internalization. To monitor internalization, we incubated cells with FM4-64 for 2.5 min to allow internalization and then inhibited further traffic by placing the cells on ice and adding sodium azide and sodium fluoride to inhibit metabolic processes. Cells grown in replete media showed many small and medium sized foci of internalized FM4-64 consistent with many endocytic events and limited traffic to the early endosome (Fig. 3A) . When cells were starved for glucose for 30 min prior to FM4-64 incubation, the internalization was less than half of that in the presence of glucose as monitored by total cell fluorescence and similar to the amount internalized by cells lacking RVS161 (Fig. 3A,  chart) . This reduction in endocytosis rates in starved cells is consistent with the dependence of endocytosis on actin polymerization which requires ATP (27) . These results show that the bulk internalization of plasma membrane proteins upon glucose starvation cannot be due to increased rates of endocytosis.
Next, we determined the rate of transport of internalized FM4-64 to the vacuole using a pulse-chase assay. We monitored FM4-64 traffic to the vacuole by labeling cells for a 15-min pulse followed by a 30-min chase. In the presence of glucose, FM4-64 was internalized and transported completely to the vacuole within 30 min (Fig. 3B, arrows) . In contrast, when cells were starved for glucose for 30 min or 1 h prior to incubation with FM4-64, FM4-64 delivery to the vacuole was reduced as monitored by accumulation of FM4-64 in puncta and reduced numbers of cells with vacuolar staining (Fig. 3B,  arrows) . In contrast, cells lacking RVS161 completed traffic to the vacuole. Thus, traffic to the vacuole is reduced in glucosestarved cells.
We noticed that cells starved for glucose for 30 min prior to FM4-64 labeling appeared to accumulate a high level of FM4-64 (Fig. 3B, chart) . This suggests that at early time points after starvation, reduced endocytosis rates are counterbalanced with reduced recycling rates. Similarly, substantial FM4-64 accumulated in cells starved for 1 h prior to FM4-64 labeling despite the strong reduction in internalization rates at this time point. When combined with the lower rates of internalization, the substantial accumulation of FM4-64 indicates that glucosestarved cells have reduced rates of recycling.
Because the differences in whole cell intensity measurements in the pulse-chase experiment could be affected by the dramatically different morphology of the FM4-64 staining between starved and unstarved cells, we directly monitored changes in FM4-64 recycling from endosomes to the plasma membrane. We first incubated cells with FM4-64 for 15 min in the presence of glucose with no chase. When these cells were diluted into fresh media containing glucose, FM4-64 fluorescence rapidly decreased (Fig. 3C , Replete/Replete). This decrease reflects recycling of inter-nalized FM4-64 to the cell surface (21) . In contrast, when cells were diluted into media lacking glucose, FM4-64 was retained in the cell (Fig. 3C , Replete/Starved). Similar results were observed for cells starved for glucose for 30 min prior to labeling in the absence of glucose (Fig. 3C , Starved/Starved). We next tested how this decrease in recycling compared with cells with known defects in recycling. We used a previously characterized rcy1⌬ and an isogenic wild-type strain (28) . Starvation inhibited FM4-64 recycling more strongly than loss of RCY1 (Fig. 3, D and E) .Taken together, these results suggest that glucose starvation induces net flux from the cell surface to vacuole by inhibiting recycling of internalized cell surface proteins from the endosomes back to the plasma membrane.
Vacuolar Hydrolysis Inhibits Autophagy during Glucose Starvation-The net flux of proteins from the plasma membrane to the vacuole, when combined with the reduced viability of endocytic mutants during glucose starvation, suggests that endocytosis performs an essential role in adaption to starvation. In contrast, we found that autophagy is dispensable for survival (Fig. 1A) . Although our finding is in accordance with previous reports that autophagy is not essential during glucose starvation, this dispensability is surprising because autophagy was reported to occur in glucose-starved yeast (7, 29) . Therefore, we investigated whether autophagy was induced under our glucose starvation conditions. We monitored autophagy using GFP-Atg8 expressed from its endogenous promoter from a centromeric (low copy) plasmid. Atg8 covalently conjugates to the autophagosome membrane. Thus, autophagosome formation appears as GFP-Atg8 punctate localization. Upon autophagosome fusion with the vacuole, GFP-Atg8 is delivered into the vacuole where it is cleaved. Therefore, fusion of the autophagosome with the vacuole causes vacuolar localization of GFP and appearance of free GFP, as detected by immunoblot analysis (30) . Furthermore, this system allows us to investigate the normal transcriptional response of ATG8 during starvation. In response to 16 h of glucose starvation, punctate GFP-Atg8 structures accumulated (Fig. 4A) . However, little Atg8 was delivered to the vacuole as monitored by fluorescence microscopy or by immunoblot analysis (Fig. 4, A and B) . We found similar results with a quantitative assay of autophagy that measures delivery of a cytosolic form of the phosphatase Pho8 (Pho8⌬60) to the vacuole (Fig. 4C) (31) . These results suggest that glucose starvation does not induce high levels of autophagy, contrary to previous reports.
The disagreement between our results and previous reports can be explained by a specific experimental design feature used previously (29) . The prior study used cells lacking vacuolar hydrolysis to accumulate autophagic bodies in the vacuole. During glucose starvation, vacuolar hydrolysis should release amino acids and lipids, which could regulate autophagy (32, 33) . Amino acids inhibit autophagy through activating TORC1 (34) . Similarly, energy derived from lipids can inhibit autophagy by converting ADP to ATP, thereby inhibiting AMPK, a potent activator of autophagy (5, 35) . Therefore, we hypothesized that, in the prior study, autophagy was induced inadvertently upon glucose starvation because the normal regulation of pathways like TORC1 and AMPK by protein and lipid hydrolysis in the vacuole was disrupted.
To test this possibility, we monitored autophagy in cells lacking the primary vacuolar hydrolase Pep4. In pep4⌬ cells, GFPAtg8 puncta accumulated after 16 h of glucose starvation, indicating autophagy onset (Fig. 4D) . Importantly, unlike puncta in wild-type cells, many puncta in the pep4⌬ cells were in the vacuole as assessed by transmitted light microscopy (Fig. 4D ). This suggests that in pep4⌬ cells, autophagosomes fuse with the vacuole; however, the autophagic bodies do not break down because Pep4 is required to activate vacuolar lipases that hydrolyze the membrane components of the autophagic bodies (36) . As a further test, we treated wild-type cells with the cell-permeant protease inhibitor PMSF during the course of glucose starvation. Cells treated with PMSF induced autophagy as monitored by GFP fluorescence in the vacuole (Fig. 4E) . Together, these results suggest that the products of vacuolar hydrolysis prevent autophagy upon glucose starvation.
To further test the hypothesis that vacuolar hydrolysis inhibits autophagy, we examined autophagy in cells lacking VPH1 FIGURE 2. CME is required for glucose starvation-induced endocytosis. A, CME is important for redistribution of Mup1-GFP. Left, Mup1-GFP localization is shown in wild-type cells or cells lacking the four clathrin adaptors Ent1, Ent2, YAP1801, and Yap1802 (⌬4) and carrying either a plasmid encoding full-length Ent1 (pENT1), which complements the CME defect caused by loss of clathrin adaptors, or the ENTH domain of Ent1 (pENTH), which does not complements the CME defect. Cells were imaged after growth in replete media lacking methionine (to induce MUP1 expression) or after starvation for glucose for 30 min or 2 h. Insets show line scans of regions indicated. Right, charts shown scatter dot plots of the data as in Fig. 1 . *, p Ͻ 0.005 for a difference between replete and starved samples. B, CME is important for redistribution of Tat1-GFP. Top, the indicated cells were imaged after growth in replete media or after glucose starvation for 2 h. Bottom, charts show scatter box plots of the data as in Fig. 1 normalized to median intensity of WT cells in replete media. Brackets indicate pairs of samples for which p Ͻ 0.005. and VPS4. VPH1 encodes a vacuolar-specific component of the V-ATPase required for acidification of the vacuole and maximal hydrolytic activity (37) (38) (39) . VPS4 is involved in sorting of proteins into the lumen of the vacuole and through this role may be required for maximal proteolytic activity (40) . In cells lacking VPH1 or VPS4, autophagy was higher as monitored by fluorescence microscopy (Fig. 4F) . In immunoblot analysis, the levels of both full-length GFP-Atg8 and free GFP were higher in glucose-starved vph1⌬ and vps4⌬ cells than in wild-type cells (Fig. 4B) . The elevation of both full-length and cleaved GFPAtg8 is likely caused by the combined effects of elevated transcription from the ATG8 promoter due to transcriptional activation of autophagy, and enhanced delivery of GFP-Atg8 to the vacuole but decreased proteolysis in the vacuole (41). These results further suggest that hydrolytic activity in the vacuole prevents autophagy during glucose starvation. They also explain the discrepancy between our observations and previous reports based in cells with protease-deficient vacuoles.
Although glucose starvation did not induce high levels of autophagy as detected by delivery of GFP-Atg8 or Pho8⌬60 to the vacuole, glucose-starved cells frequently contained more GFP-Atg8 puncta than cells in replete media. This suggests that although autophagy is initiated during glucose starvation, glucose starvation does not provide all of the signals required to complete autophagy or that glucose starvation produces a signal that inhibits autophagy completion. To test these possibilities, we asked whether glucose starvation influenced autophagy initiated by nitrogen starvation. Nitrogen starvation is a potent activa- tor of autophagy. We starved cells for nitrogen only or both glucose and nitrogen at the same time. In cells starved for nitrogen, autophagy completed as monitored by all three assays used (Fig.  4, A-C) . In contrast, when cells were starved for both glucose and nitrogen concurrently, few cells showed evidence of completed autophagy by all three assays used (Fig. 4, A-C) . However, in vph1⌬ and vps4⌬ cells autophagy completed as monitored by GFP fluorescence in the vacuole and the accumulation of free GFP (Fig. 4, B and F) . Together, these results indicate that glucose starvation actively inhibits autophagy and that the mechanism of inhibition requires efficient vacuolar hydrolysis.
We tested whether the requirement for vacuolar proteolysis was due to the use of auxotrophic strains. We found that in a prototrophic strain GFP-Atg8 was not delivered to the vacuole during starvation for glucose or glucose and nitrogen (Fig. 5A) . Furthermore, in a prototrophic strain lacking PEP4 or treated with PMSF, GFP-Atg8 was delivered to the vacuole during glucose starvation (Fig. 5B) . To determine when GFP accumulation initiated in the vacuole in the prototrophic proteolyticdeficient strains, we monitored GFP-Atg8 accumulation after 1, 3, or 23 h of glucose starvation (Fig. 5B) . Prior to glucose starvation cells lacking PEP4 had more GFP detected in the vacuole than wild-type cells. The GFP detected was primarily in the form of highly motile puncta. After 1 h of starvation, more than half of the pep4⌬ cells had GFP present in the vacuole. Starvation for longer periods did not increase the number of cells with GFP in the vacuole, but it did increase the number of puncta. In cells treated with PMSF, after 1 h of starvation the number of cells with vacuolar staining was similar to that of cells not treated with PMSF. However, by 3 h, nearly 40% of PMSF-treated cells had GFP in the vacuole, and by 23 h Ͼ70% of cells had GFP in the vacuole. Thus, even in cells capable of making all amino acids, glucose starvation does not induce autophagy, and vacuolar hydrolysis inhibits autophagy.
The vacuole is the hydrolytic end point for numerous pathways including multiple forms of autophagy, membrane traffic from the endosomes, and membrane traffic from the Golgi. We tested the contribution of endocytosis to the inhibition of autophagy. We found that in cells lacking SLA1 or RVS161, GFP-Atg8 was not delivered to the vacuole after 16 h of starvation for glucose or glucose and nitrogen (Fig. 5C ). This suggests that endocytosis does not contribute to the inhibition of autophagy.
Glucose Starvation Elevates Free Amino Acid Levels via Vacuolar Hydrolysis-Because amino acids are potent inhibitors of autophagy, we hypothesized that glucose starvation may inhibit autophagy through the production of amino acids via vacuolar hydrolysis. Accordingly, a previous metabolomics study demonstrated that free amino acids increase in glucose-starved cells (42) . To test whether vacuolar hydrolysis was important for this increase, we monitored a subset of free amino acid levels in wild-type, pep4⌬, and vps4⌬ cells. Of the 17 amino acids monitored, the levels of 8 rose Ͼ2-fold in response to glucose starvation in wild-type cells (Fig. 6A and supplemental Data Base). A notable exception is methionine, which decreased to less than half of the levels seen in replete conditions. In pep4⌬ or vps4⌬ cells, the increases of amino acids were strongly reduced for 6 of the 8 amino acids: valine, isoleucine, tyrosine, phenylalanine, histidine, and arginine, but not lysine or cysteic acid (Fig. 6A) . We also found that many free amino acids levels rose (Fig. 6A) . Notably, many amino acids rose to higher levels in cells starved for both glucose and nitrogen than for cells starved for glucose alone. Furthermore, we found that in pep4⌬ or vps4⌬ cells starved for both glucose and nitrogen the amino acid levels were even lower than in glucose starvation alone (Fig. 6A) . This observation suggests the mechanism by which glucose starvation inhibits autophagy in the presence of nitrogen starvation; when cells are starved for both glucose and nitrogen, amino acids released from vacuolar hydrolysis inhibits autophagy.
We next tested the contribution of endocytosis to the release of amino acids. We found that inhibiting endocytosis caused an intermediate effect on amino acid levels. Glucose-starved rvs161⌬ cells had lower levels of glutamine, valine, alanine, isoleucine, and threonine than glucose-starved wild-type cells. However, in glucose-and nitrogen-starved cells most amino acids accumulated in rvs161⌬ at levels similar to wild-type cells. Overall, these results show that endocytosis only contributes partially to release of amino acids in glucose-starved cells.
Because TORC1 is a potent inhibitor of autophagy that is activated by amino acids, we tested whether TORC1 was required to inhibit autophagy in glucose-starved cells (43) (44) (45) . We first glucose-starved cells for several hours then inhibited TORC1 with rapamycin for several hours and assessed autophagy. In contrast to untreated cells, rapamycin-treated cells completed autophagy as assessed by three assays (Fig. 6,  B-D) . These results indicate that TORC1 is normally active in glucose-starved cells, and its activity inhibits autophagy during glucose starvation.
DISCUSSION
Our results reveal a suite of cell behaviors induced by glucose starvation, which includes reduced recycling, increased free amino acids, and inhibited autophagy. We proposed that that these three behaviors are mechanistically linked (Fig. 6E) . In this scenario, inhibited recycling is the crucial step. It is initiated by the acute drop in ATP levels caused by glucose starvation. Inhibited recycling drives the net flux of proteins to the vacuole by preventing endocytosed proteins from trafficking back to the plasma membrane. Although low ATP also reduces bulk endocytosis rates, endocytosis rates remain high enough to drive substantial internalization of proteins and FM4-64. The increase in free amino acids and subsequent inhibition of autophagy derive from the flux of proteins from the plasma membrane and elsewhere to the vacuole. Thus, these three cellular responses are likely a single mechanistic response to glucose starvation. However, several key questions remain.
It is unclear why recycling is strongly inhibited by glucose starvation whereas endocytosis seems less sensitive. Glucose starvation induces an acute drop in ATP. This reduces the levels of phosphatidylinositol 4-phosphate at the trans-Golgi network and endosomes (3, 46, 47) . Furthermore, glucose starvation causes ADP-ribosylation factor (Arf) to delocalize from endosomes (3). Phosphatidylinositol 4-phosphate and Arf recruit many proteins implicated in endosomal recycling. Failure to recruit these endosomal proteins when ATP levels are low could cause reduced recycling (48 -53) . In addition to these known changes, unexplored mechanisms such as changes in ubiquitination/deubiquitination enzyme activities, alterations in endosomal or vacuolar pH, changes in activities of lipid flippases, or any combination of these factors could be the mechanism(s) of inhibited recycling during glucose starvation (54 -57) . Regardless of the mechanism, inhibited recycling seems to be a conserved response to ATP depletion. In metazoan cells, ATP depletion causes the internalization of proteins that seem unrelated to energy (58 -60) . Furthermore, similar to the behavior observed in glucose-starved yeast cells, this internalization is a result of reduced recycling (58) . Thus, the overall behavior likely reflects an ancient response to energy depletion.
How the cell selects proteins for endocytosis during glucose starvation is unclear. Diverse proteins undergo endocytosis upon glucose starvation. Because cells defective in endocytosis die during glucose starvation, endocytosis performs an essential function during glucose starvation. Endocytosis may be (LWY 114) were transformed with a plasmid expressing GFP-ATG8 and the uracil auxotrophic marker, grown in replete media without any add-back mix and starved as in Fig. 4 . B, wild-type or pep4⌬ cells auxotrophic for only URA (DLY434 and 432) were treated as in A and imaged at indicated time points after starvation for glucose. For cells treated with PMSF, PMSF was added after the final wash with glucose starvation media. C, defects in endocytosis do not increase autophagy response to glucose starvation. Auxotrophic wild-type, rvs161⌬, or sla1⌬ cells transformed with a plasmid expressing GFP-ATG8 were treated as in Fig. 4A . Starved cells were imaged after 16 h of treatment. Charts show the percentage of cells in the sample categorized as containing diffuse cytosolic, punctate cytosolic, or vacuolar GFP-Atg8 localization. Scale bars are 5 m. required to remove deleterious proteins from the cell surface. For example, ATP-dependent transporters might deplete cellular ATP to lethal levels if left at the plasma membrane. An additional, but not mutually exclusive, model is that endocytosis acts as an alternative to autophagy and allows the cell to catabolize the lipids and amino acids from the plasma membrane as resources for survival. Understanding how proteins are selected for endocytosis may help explain the requirement for endocytosis.
The model that endocytosis provides catabolic substrates suggests a novel survival mechanism that is tailored to meet the specific cellular needs during acute energy starvation. By rerouting endocytic traffic to the vacuole, the cell can hydrolyze the lipid content of the plasma membrane. Because lipids are a rich source of energy, this mechanism will resupply the cell with energy. In contrast, autophagy is not known to access this pool of lipids. Furthermore, autophagy can promote the hydrolysis of peroxisomes and mitochondria (61) . The degradation of these organelles is counterproductive in energy stress because these organelles are required to generate energy through ␤-oxidation and subsequent respiration. The risk of destroying these organelles may explain why, when faced with both amino acid and glucose starvation, the cell opts to inhibit autophagy.
Indeed, our results suggest that the down-regulation of recycling and inhibition of autophagy could be linked. Our results demonstrate that vacuolar function inhibits autophagy. This inhibition depends at least in part on TORC1, suggesting that the accumulation of amino acids in glucose-starved cells inhibits autophagy. An attractive model is that the accumulated amino acids derive from endocytosed proteins; however, cells lacking RVS161 or SLA1 inhibit autophagy as well as wild-type cells. Interestingly, deletion of RVS161 reduces the accumulation of several amino acids, but not the key autophagy regulator leucine (45) . Thus, endocytosis likely contributes to the accumulated amino acids but is not essential for the key autophagyregulating amino acids. Additional routes to the vacuole may thus contribute to accumulated amino acids during glucose starvation. Possible routes include microautophagy, clathrin-FIGURE 6. Vacuolar hydrolysis elevates amino acid levels and inhibits autophagy through TORC1. A, free amino acids were extracted from the indicated cells grown to mid-log phase (R) or starved for glucose (Ϫglu) or for glucose and nitrogen (Ϫglu/nit) for 24 h. Charts show a subset of the monitored amino acids. B, autophagy was monitored as in Fig. 4 . For cells treated with rapamycin, cells were starved for 16 h and then treated with 200 nM rapamycin. Rapamycintreated cells and untreated controls were imaged at 24 h. C, cell lysates were taken from samples in B and subjected to immunoblot analysis for GFP or the load control Adh1. D, autophagy was monitored with phosphatase activity as in Fig. 4 . For rapamycin-treated cells, cells were starved for glucose for 10 h and then treated with rapamycin. Assay was performed at 28 h. E, model of cellular responses to glucose starvation. In replete cells, autophagy (aut) is inhibited by the activity of TORC1. Many cell surface proteins are endocytosed to the endosomes (end) but recycle back to the cell surface and do not traffic to the vacuole (vac). During glucose starvation, endocytosis continues at reduced rates while recycling stops. This leads to cell survival and, potentially, accumulation of amino acids as described under "Discussion." Increased amino acids activate TORC1, which counteracts the activity of AMPK leading to the initiation but not completion of autophagy.
independent endocytosis, and reduced recycling to biosynthetic organelles leading to consumption of proteins and lipids from such organelles as the Golgi, endoplasmic reticulum, and endosomes. Furthermore, amino acid accumulation will also be influenced by the release of free amino acids from proteasomal degradation, the import from extracellular supplies, and the consumption of the free amino acids in the form of protein biosynthesis or other metabolic uses. Indeed, the accumulation of amino acids in cells starved for glucose could be caused by overall reduced protein synthesis due to low methionine in these cells (Fig. 5A) . Thus, the impact of mutations on amino acid accumulation is difficult to interpret. Regardless of the source of the free amino acids accumulating in wild-type cells, our results provide strong evidence that vacuolar hydrolysis of lipids or proteins activates TORC1 and inhibits autophagy in glucose-starved cells.
The finding that vacuolar hydrolysis inhibits autophagy and activates TORC1 contributes to a growing literature about the importance of lysosomal function for correct regulation of these processes (44, 62) . Indeed, there is growing concern about the use of lysosomal inhibitors in autophagy research (63, 64) . Such inhibitors are commonly used to accumulate intermediates of macroautophagy to facilitate their detection (65) . However, such inhibitors will also prevent the normal release of many metabolites. In addition to lipids and amino acids, vacuolar hydrolysis in yeast is important for the mobilization of phosphate and storage carbohydrates (66, 67) . By preventing the release of these resources, lysosomal inhibitors may increase the strength of a normal starvation response or may even activate a starvation response that would not normally occur. Thus, the finding reported here that inhibiting vacuolar hydrolysis in glucose-starved cells promotes autophagy provides additional evidence about the possible confounding impact of lysosomal inhibitors on experimental outcomes.
